Determinations of the salt sensitivity of enzymes extracted from the halophilic alga Dunaliella viridis revealed that pentose phosphate isomerase, ribulose diphosphate carboxylase, glucose-6-phosphate dehydrogenase, and phosphohexose isomerase were inhibited by NaCl concentrations far lower than that in the growth medium (3.75 M). The inhibition was reversible and was not prevented by preparing the extracts in the presence of salt. Potassium, lithium, and cesium chlorides were equally inhibitory. In contrast, whole cells require rather high levels of NaCl for optimal growth, whereas growth is inhibited by low levels of the other cations. The results suggest a specific mechanism for the exclusion of sodium from the interior of the cell.
with a light intensity of approximately 300 ft-c. For growth experiments, the volume of medium was reduced to 250 ml with an initial inoculum of 25,000 cells per ml. Cell counts were made with a hemocytometer on properly diluted or concentrated samples. Two to four samples from each duplicate culture were counted, and each experiment was repeated at least once.
Preparation of extracts. The cells were harvested by centrifugation, then washed once in a sodium chloride solution of the same concentration as that of the growth medium, and suspended (1 to 2 g/5 ml) in 0.05 M Tris-chloride buffer (pH 7.5), or, where so indicated, in buffered salt solution. The cells were disrupted in a French press at 20,000 psi, followed by centrifugation at 20,000 X g for 30 min. The supernatant fluid is referred to as the crude extract. In some cases, the extract was further clarified by centrifuging at 100,000 X g for 20 min. The supernatant fluid from this centrifugation is termed 100.20. When so indicated, salt was removed from this fraction by dialysis [against 1 liter of 0.05 M Tris-chloride (pH 7.5) for 1 hr with three changes of solution during that period].
Extracts of Thiobacillus thioparus were prepared by the methods described by Mayeux and Johnson (13) for T. neapolitanus.
Enzyme assays. The fixation of carbon dioxide into acid-stable products was measured as described by Johnson and Peck (4) . The assay was performed in a total volume of 2.7 ml at 30 C in a helium atmosphere.
Glucose-6-phosphate dehydrogenase activity was assayed spectrophotometrically by following the reduction of nicotinamide adenine dinucleotide triphosphate (NADP) at 340 m,u. The assay mixture (unless otherwise indicated) contained (in ;pmoles): Tris-chloride or glycylglycine buffer, pH 7.5, 250; MgS04, 10; NADP, 2.6; glucose-6-phosphate (sodium salt), 1.0; cell extract, 0.1 or 0.2 ml. The assay was performed in a total volume of 3.0 ml at room temperature. The results were not corrected for the low levels of 6-phosphogluconate dehydrogenase activity in these extracts.
Phosphoglucose isomerase was assayed by incubation of 5 pumoles of glucose-6-phosphate, 20 ;&moles of Tris-chloride buffer (pH 8.0), and 0.05 ml of a 1:10 dilution of crude extract in a total volume of 0.6 ml for 15 min at 30 C. Ketose was detected by the method of Roe (16) ; the reaction was stopped by the addition of 7 ml of 10 M HC1, followed by 1 ml of resorcinol solution (0.1 g of resorcinol and 0.25 g of thiourea per 100 ml of glacial acetic acid). The color was developed by incubation for 10 min at 80 C and, after cooling, the optical density was measured on a Klett-Summerson colorimeter with a no. 54 filter. Pentose phosphate isomerase was measured by the method of Axelrod and Jang (1). The incubation mixture contained: ribose-5-phosphate (sodium salt), 1.2 Amole; Tris-chloride buffer (pH 7.5), 50 ,umoles; and diluted crude extract, 0.1 ml (approximately 0.01 mg of protein).
All enzyme assays were performed with a level of enzyme having activity well within the range in which activity was proportional to enzyme concentration. Protein was determined by the method of Lowry et al. viridis is even more sensitive to inhibition by salt than the C02-fixing system from the nonhalophilic T. thioparus. Since the fixation of CO2 is absolutely necessary for the growth of these cells, the extreme salt sensitivity of the enzymes involved in CO2 fixation may indicate that they do not normally function at a high salt level and that D. viridis is able to maintain an internal salt concentration considerably lower than that of the medium in which it grows. It seemed desirable, however, to have information on the salt sensitivity of other enzymes and to examine various factors which might contribute to an apparent salt sensitivity. (Table 6) show that at equimolar concentrations all combinations of NaCl and KCl listed had the same inhibitory effect. When the enzyme was preincubated with salt, then diluted and assayed, the inhibition was reversed (Table 7) . Effect ofsalts on phosphoglucose isomerase. The NaCl sensitivity of phosphoglucose isomerase was examined and was found to be similar to that of other enzymes ( fragment of some cell organelle. Particle-bound glucose-6-phosphate dehydrogenase has been reported in animal cells (20, 21) , but has represented only a small fraction of the nonsedimentable activity. The glucose-6-phosphate dehydrogenase of D. viridis seems to be quite unusual in that such a large proportion of the activity is sedimentable. Another case is that of the enzyme from Pseudomonas fluorescens which was found (19) to be associated with particles.
Effect of salts on enzyme activity in dialyzed extracts of D. viridis. The procedure described in the methods section for preparing crude extract involved washing the cells with salt solution. Thus, significant amounts of salt remained in the extract. For purposes of studying effects at low salt concentrations, therefore, further centrifugation and dialysis procedures were used as described in that section. (No irreversible inactivation of the enzyme occurred during dialysis; the specific activity was not reduced, provided measurements were made with the optimal salt level in the incubation mixture.) With this extract, a study of the effect of various concentrations of MgCl2, NaCl, and Na2SO4 on glucose-6-phosphate dehydrogenase was undertaken. The cells were grown in medium containing 3.75 M NaCl. The concentration of buffer used in the assay was reduced by a factor of 10 to minimize its effects, and Tris-chloride buffer was used rather than glycylglycine, to avoid the chelating effect of the latter. Under these conditions, there was no enzyme activity in the absence of salt. The salt concentrations required to produce a given level of inhibition appear higher than in the previous experiments, as a result of the decreased ionic strength of the buffer and decreased salt concentration in the extract. Magnesium was included, since MgSO4 was found to stimulate glucose-6-phosphate dehydrogenase activity in D. viridis (Table 6) , as it does in some other organisms (2, 3, 5) .
The effects of NaCl and MgCl2 are compared in Fig. 2 . Both salts stimulated at low concentrations and inhibited at high concentrations. When NaCl and MgCl2 are compared at equal chloride concentrations (Fig. 2) , it is seen that Mg++ both stimulates and inhibits at lower concentrations than does Na+. (Since the molar concentration of Mg++ was one-half that of Nat at equal chloride concentrations, the effect is even more pronounced than the relative positions of the two curves would suggest.) However, when the data are plotted in terms of the ionic strengths of the salts, their effects in the stimulatory range seem to be similar, and the difference in the inhibitory effect of the two salts is lessened.
The effects of NaCl and Na2SO4 are compared in Fig. 3 . Sodium sulfate was also found to stimulate at low concentrations (although maximal activity did not reach the level obtained with NaCl) and to inhibit at high concentrations. When the two salts are compared at equal Na+ concentrations, both the stimulatory and inhibitory effects of SO4 were displayed at a lower concentration of the anion than was the case with Cl-. Again, since the salts were compared in terms of Na+ concentration, the concentration of SO4 was half that of Cl-. Again, the stimulation by the two salts appears similar when the data are plotted in terms of ionic strength.
It is not possible at this time to distinguish clearly the effects of ionic strength and the effects of the individual anions and cations. It can, however, be said that the glucose-6-phosphate dehydrogenase from this halophilic alga shows the same type of response to salts as do the glucose-6- phosphate dehydrogenases from other (nonhalophilic) sources. Glaser and Brown (3) reported that the enzyme from yeast was stimulated by low levels of KCl, NaCl, CaC12, and MgCl2 and inhibited by high levels of the same salts. Mangiarotti and Garre (9) examined the effects of these ions on the yeast enzyme and concluded that the effect of NaCl and KCl actually was due to a stimulatory effect of the CL-combined with an inhibitory effect of Nat and K+. The effect of MgCl2 was reported (10) to be due to stimulatory effects by both Mg-and C1-and an inhibitory effect of Mg++ at the higher concentrations. Activation of the yeast enzyme by sulfate has also been reported (11) .
Effect ofsalts on growth. All the results reported here indicate that the enzymes from D. viridis are (like the enzymes from nonhalophiles) rather nonspecifically inhibited by high levels of various salts. However, the response of the whole cell to these salts is quite different, as is shown by the following experiments. Our strain of D. viridis showed optimal growth at salt levels between 0.8 and 2.0 M NaCl. We therefore grew cells in 1 or 1.25 M NaCl and compared the growth with that obtained when other salts were substituted for NaCl. Table 9 shows the results of an experiment in which various portions of the NaCl required for optimal growth were replaced by equimolar amounts of KCI. These results show that KCl cannot replace NaCl, and is, in fact, toxic. The results of adding low levels of KCl to a medium containing adequate levels of NaCl are also shown (Experiment 2). After 1 day of growth, inhibition was observed in the medium containing 0.10 M KCI, and inhibition was observed even at (12) to indicate an internal salt concentration even greater than the high level in which these organisms were grown (3.9 M). It is difficult to reconcile this result with our finding that the enzymes of D. viridis are salt-sensitive.
One explanation for the ability of salt-sensitive enzymes to function in a cell having an overall high salt concentration could be the restriction of these enzymes to a cell organelle from which salt was excluded. The particulate nature of the glucose-6-phosphate dehydrogenase observed in D. viridis might suggest that this enzyme normally operates within a salt-free organelle which has been fragmented during preparation of the extract. However, another salt-sensitive enzyme, phosphoglucose isomerase, was found to be limited to the soluble fraction of the cell. Also, if any great part of the cell's volume were occupied by such salt-free organelles, a very high, in fact, supersaturated condition, would have to prevail in that portion of the cell from which salt was not excluded in order to yield an average salt concentration greater than 3.9 M (12). It seems unlikely, therefore, that such a mechanism is the explanation for the discrepancy between the salt sensitivity of the enzymes from D. viridis and the internal salt levels reported for the closely related D. salina.
The fact that the enzymes showed a nonspecific response to the various cations studied, whereas the whole cells had a very specific response (tolerating, and in fact requiring, high levels of Na+, but inhibited by even low levels of other cations), suggests that the cell may possess a specific mechanism for the exclusion of sodium from the cells. Other cations would be inhibitory because the mechanism is specific for sodium, and a salt tolerance in the enzymes would not be expected because this mechanism would result in a low internal Na+ concentration. Apparently, a similar situation occurs in another halophilic green alga, Chiamydomonas, in that the cells were found to have salt levels lower than those of the media (15) .
